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Summary 
Laser cladding is a complicated process controlled by most parameters such as laser beam, properties of matrix and 
powder, treatment status of base material, laser cladding parameters etc.. The best way to choose the working 
conditions cheaply and fast is to use the processing simulation. The statistical modeling was used in this paper, which 
was developed after regression design based on the experimental results of 2Cr13 steel cladding with diode laser 
robotized system. The influence degrees of technological factors (laser power, laser scanning speed, defocusing 
amount and powder feeding rate) on the dimensions and hardness of laser clad layers were investigated.  
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1. Introduction  
The main challenge in simulation of industrial laser processing of materials is how to shorten the time 
to the largest extent to optimize the processing parameters for a given material system.  Modeling of the 
laser cladding process is based on a deep understanding of its technological peculiarities and takes 
optimal processing parameters and highest performance of manufactured goods as its goals. The 
modeling for laser cladding should be developed to describe the dependencies of the processing results 
(dimensions, properties, hardness of laser clad layer etc.) on the processing regimes. 
The major drawback of the empirical modeling and the model itself is that they are limited by the 
design space where they are determined. If the parameters of the designed technological process do not lie 
within the boundaries of the existing model, it is necessary to conduct additional experiments. Numerical 
computation is also widely used for the description of laser processing schemes for there is no adequate 
physical model for them. However, the thermophysical parameters of compound feeding powder for laser 
cladding are difficult to calculate, and the thermophysical parameters vary with the increased temperature. 
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Numerical models of laser cladding processing existing nowadays have limited opportunities and low 
accuracy [1-4]. Without consideration of complicated boundary conditions and the thermophysical 
parameters, the statistical modeling based on regression design which needs only a small amount 
experiments can get satisfied relationship of laser cladding parameters and cladding results [5-9]. 
2. Experimental 
The stainless steel 2Cr13 (C - 0.21 %, Cr -13 %, Si-1.16 %, Ni- 0.77 %, Fe- the rest) with hardness of 
HV0.2240 was used as the material of samples in this paper. The workpiece dimensions are 
40×100×11 mm3. 2Cr13 powder with the same component as samples was used as cladding material with 
particle size of 50-75 ȝm. The laser cladding experiments were performed by LDF400-2000 Fiber-
Coupled Diode Laser with output power multimode regime up to 2000 W (Wavelength of 900-980 nm). 
6-axis industrial robot IRB 2400 ABB was used to grab the laser beam focusing system with coaxial 
powder nozzle. The focal distance of laser beam is 400 mm. Ar was used as carrying gas to transport 
powder material and shielding gas to protect laser melting pool. 
After laser cladding, the wire electrical discharge machine had been used to get cross-section of 
samples. After sectioning, samples had been subjected to standard metallographic procedures for further 
studies. Micro-hardness and dimension measurements had been done using the digital micro-hardness 
meter HDX-1000, with load of 200 g and loading time of 15 s. 
3. Results and Discussion 
3.1 Modeling 
The prior information and conducted eliminating experiments have allowed establishing core 
technological factors xi: laser power (P); distance between focusing point and sample (FP); laser scanning 
speed (V); powder feeding rate (FR).These factors have statistically significant non-linear effects on the 
result and the quality of processing. The following characteristics were used as the response factors: 
height of clad layer (HOC), thickness of cladding layer (TCL), width of cladding layer (WCL), hardness 
of cladding layer (HCL), depth of heat affected zone (DHAZ) and hardness of heat affected zone 
(HHAZ), as shown in Fig.1. 
 
       
 
Fig.1 Scheme measurement of laser cladding operation (a) and cross-section of sample (b)  
 
In order to create a quadratic model of the laser cladding, an almost fully saturated Hartley's plan was 
chosen [5,6]. It was built on the cube with the core characteristic 24-1, that has very good statistical 
characteristics. The number of coefficients k for this plan equals to 14 and the number of experiments N 
equals to 17, that is enough to build a fully quadratic model as Equation (1). 
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where i, j are indexes; k is number of technological factors; b0, bi, bij, bii are regression equation 
coefficients; x is the input independent variable (working condition of laser cladding process such as 
properties of laser beam, properties of material and technological parameters); y is the experimental 
result such as component properties, surface roughness, dimensions of laser treated layer and HAZ, etc.. 
The preliminary study of a manufacturing process helped to establish defining boundaries of 
technological factors where the intervals of variation exceed their root-mean square error of definition. In 
Table 1, the levels of variation of technological factors in natural and encoded scales are given. Table 2 
shows working matrix of the experimental plan (columns 2-5) and the matrix of the experimental results 
(columns 6-10). The experiments were not duplicated since the dispersion of the experiments was 
established before. For example, the dispersion for WCL is 0.073 (the number of the degrees of freedom 
is equal to 10). It is worth to mention that an additional experiment was conducted at the point where all 
factors were at their lowest levels (row 18 in Table 2), in order to increase the accuracy of the prediction. 
 
Table 1.  Levels of variation of the factors 
Levels of variation Code scale 
Laser 
power 
(P) /W 
Distance between  
focusing  point and 
sample (FP)/ mm 
Laser scanning 
speed (V)/ 
mmgmin-1 
Powder feeding rate 
(FR) / ggmin-1 
Controllable factors  x 1 x 2 x 3 x 4 
Main level 0 1700 0 650 10 
Interval of variation 1 200 6 350 5 
High level 1 1900 6 1000 15 
Low level -1 1500 -6 300 5 
 
Table 2.  Working matrix of the Hartley's plan and matrix of the experiment results 
Row x1 x2 x3 x4 WCL 
/mm 
TCL 
/mm 
HCL 
/HV 
DHAZ 
/mm 
HHAZ 
/HV 
WCL 
/mm 
(WCL- WCL)2 
1 +1 +1 +1 1 3.25 0.95 748 0.5 722 3.235498 0.00021 
2 -1 +1 -1 1 2.81 1.75 617 0.85 683 2.868761 0.003453 
3 +1 -1 -1 1 3.45 1.18 684 0.51 738 3.508761 0.003453 
4 -1 -1 +1 1 2.3 0.75 601 0.5 647 2.358761 0.003453 
5 +1 +1 +1 -1 3.48 1.04 673 0.47 792 3.422793 0.003273 
6 -1 +1 -1 -1 2.45 1.45 621 0.45 677 2.392793 0.003273 
7 +1 -1 -1 -1 3.2 1.7 638 0.4 769 3.142793 0.003273 
8 -1 -1 +1 -1 1.94 0.38 678 0.57 670 1.882793 0.003273 
9 +1 0 0 0 2.3 1.25 804 0.6 850 2.370155 0.004922 
10 -1 0 0 0 2.47 0.9 708 0.65 676 2.393628 0.005833 
11 0 +1 0 0 3.4 1.18 710 0.49 812 3.470155 0.004922 
12 0 -1 0 0 3.34 1.2 738 0.5 665 3.263628 0.005833 
13 0 0 +1 0 3.3 0.8 638 0.54 720 3.370155 0.004922 
14 0 0 -1 0 3.25 1.68 658 0.55 723 3.173628 0.005833 
15 0 0 0 +1 3.25 1.25 763 0.65 798 3.088218 0.026173 
16 0 0 0 -1 2.65 1.03 610 0.55 684 2.805565 0.024201 
17 0 0 0 0 3.02 1 765 0.7 783 3.038649 0.000348 
18 -1 -1 -1 -1 2.5 0.93 758 0.7 939 2.573264 0.005368 
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Novik F.S.[6] introduced the calculation of regression equations coefficients and the conversion of 
coordinate systems.  Since the selected plan is not an orthogonal one, parts of the coefficients in Equation 
(1) are correlated among themselves. When all the coefficients in Equation (1) were calculated (by 
solving the Equation (2) for each response point of the plan) and statistical hypothesis was verified (by 
selection of statistically important coefficients, testing the model for adequacy), further work was done 
using the full set of coefficients (even with statistically insignificant). 
 
X·BY                                                                                                                               (2) 
where: X-matrix with size k × N of experimental conditions; B-vector of unknown coefficients with size 
that equals to k; Y-vector of the results with size that equals  to N. 
Matrix of experimental conditions X was formed using work matrix  (Table 2, columns 2-5, rows 1-17) 
and Equation (1).  Thus, in order to determine the free member b0 in Equation (1), a fictional column was 
created in the matrix of experimental conditions with all its elements equal to +1. For the further 
determination of the coefficients bi , the columns 2-5 in Table 2 were used. Mixed coefficients bij and 
coefficients of quadratic interactions bii were found by adding columns 6-15 to the matrix of experimental 
conditions and they were equal to x1 × x2, x1 × x3, …, x1 × x3, x4 × x4 correspondingly. System of Equations 
(2) was solved using Hausholder. 
For the purpose of clarity, the calculated regression coefficients in Equation (1) that correspond to the 
dimensions (Fig. 2a) and hardness of the clad grooves (Fig. 2b) in a chosen factorial space are shown in 
form of rank diagrams. 
 
Fig.25DQNGLDJUDPVRIWKHUHJUHVVLRQFRHIILFLHQWVWKDWGHVFULEHWKHFODGGLQJSURFHVVɚFRHIILFLHQWVWKDWGHVFULEHWKHGLPHQVLRns of 
the clad layer; b) coefficients that describe its hardness 
 
Lets take a WCL (measured width of clad layer) as an example (column 6 in Table 2), column 11 in 
Table 2 shows calculated values of the width of clad layer (designated as WCL), whereas column 12 
shows the dispersion of inadequacy of the numerical model that equals to (WCL-WCL)2. General 
dispersion equals to 0.037 and Fisher Criteria equals to 5.1, which means that the numerical model is 
adequate. 
 
3.2 Simulation  results  
The calculated regression coefficient b in Equation (1) that corresponds to the dimensions and hardness 
of the cladding layer and HAZ can be calculated using only 17 experimental trials. It is worth to mention 
that the obtained models are of the “black box” type and are valid only within the factorial space shown in 
Table 1 and they could be freely interpreted in a sound way. Then, when the selected laser technological 
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parameters are input in the “black box”, the corresponding results can be obtained. In return, when the 
processing results expected are input in the “black box”, the referential laser cladding parameters can be 
got as well. The relationship of cladding technological parameters and processing results (HOC, TCL, 
WCL, HCL, DHAZ, HHAZ) are listed in Fig.3, Fig.4 and Fig.5. 
If the laser beam power (P) increases as it usually happens during laser alloying, one can observe the 
rise in the dimensions of the re-melted zone that is formed on the surface of the workpiece. In this case all 
powder that is introduced into the processing zone is dissolved and intermixed within the melt pool and, 
consequently, is solidified with further forming of a typical roll (Fig.1). It is evident that when the amount 
of powder is insufficient and the melt pool becomes bigger due to the increase of laser power, the height 
of the clad layer will decrease. What is more, part of the powder that does not reach the surface of the 
workpiece could evaporate at these conditions. These are the reasons (at given processing conditions) for 
the decrease of HOC at simultaneous growth of TCL at the increment of P, as shown in Fig.3a. 
The increase of HCL and HHAZ could be explained by the fact that at given regimes the high cooling 
speed of irradiated zone is preserved and melt pool’s existence time is significant enough to complete the 
diffusion processes. Having analyzed the dependencies shown in Fig.3b, it is worth to note that, when the 
cladding powder is similar to 2Cr13 substrate, the hardness of heat affected zone and cladding layer could 
become equal or HHAZ could be greater than HCL. Within the limits of the factorial space the values of 
HHAZ and HCL are obviously higher than the hardness of the base material that is equal to HV0.2240. 
 
Fig.3. Processing results in different laser power at FP=0mm,V=650mm/min, FR=10g/min (a) Cladding layer dimensions (TCL, 
HOC, DHAZ); (b) Hardness of treated layer (HCL, HHAZ) 
    
 
Fig.4. Dimensions of cladding layer (TCL, HOC, DHAZ) and 
hardness (HCL, HHAZ) to the laser scanning speed at FP=0mm, 
P= 1700W, FR=10g/min 
Fig.5 Dimensions of cladding layer (HOC, TCL, DHAZ, 
WCL) to the distance between focusing  point and sample at 
P= 1700W, V= 825mm/min, FR=5g/min 
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In general, at laser welding and alloying the increase in processing speed leads to the reduction of the 
dimensions of the melt pool that forms on the surface of the workpiece under the influence of focused 
laser beam. The same changes in the melt pool’s dimensions from the speed of workpiece’s movement 
could be seen at laser cladding. The dimensions of melt pool that forms on surface of the workpiece 
decrease with the increase of processing speed (Fig.4), and the instantaneous mass flow rate of the 
powder becomes lower. At the same time, it could be noticed that the ‘instantaneous’ mass flow rate of 
the powder into the processing zone decreases and, consequently, leads to the reduction in the dimensions 
of the clad layer. But, given that some requirements are met (mutual alignment of the focused laser beam 
and powder jet and powder density), the height of the clad layer increases even if the dimensions of the 
melt pool on the workpiece surface where the molten powder is agitated are reduced. This could be 
explained by the fact that part of the powder that is liquefied deposits on the workpiece surface, thus 
increasing the height of the clad layer (HOC) with substantial reduction of its general dimensions. 
Since the long-focal optics was used in experiments and all the processing was done in focal spot, it is 
possible to conclude that changes in the distance between focusing point and sample within +/-6 mm do 
not influence the diameter of focal spot and, respectively, the power density of focused beam. That is 
why, the changes in TCL, HOC and WCL that depend on variations of the coefficient b2 (Fig. 2) happen 
only due to the variations in powder supply conditions. Thus, Fig. 5 shows the dependencies of the 
dimensions of clad layers from the processing regimes when powder supply conditions are changed. 
4. Conclusions 
(1) The theoretical model based on regression design of 2C13 laser cladding was established in this paper. 
The advantage of the received model for laser cladding process is the opportunity to choose the 
necessary processing regimes bypassing the stage of the experimental verification. It is possible to 
establish the necessary processing regimes for a given level of quality by means of non-linear 
programming.  
(2) The influence degrees of technological factors (laser power, laser scanning speed, defocusing amount 
and powder feeding rate) on the dimensions and hardness of laser cladding layers were investigated, 
and the optimized processing parameters were got. The maximum value of TCL, which equals to 
2.1mm, could be achieved at the following regimes: P=1900W, FP=6mm, V=300mm/min, 
FR=5g/min, whereas the maximum hardness (HV0.2842) of the cladding layer is achieved while 
processing at P=1900W, FP =6mm, V=650mm/min, FR=13.8g/min. 
(3) When the cladding powder is similar to 2Cr13 substrate, the hardness of heat affected zone and 
cladding layer could become equal, or the hardness of heat affected zone could be greater than that of 
the cladding layer. 
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